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If the experimental curve is exponential, a straight line results when the logarithm of the surviving fraction is plotted against dose. The dose giving the 36.8 per cent survival is determined because e-l = 0.368. Hence, the 37 per cent dose or Do is that dose of radiation which corresponds to an average of one hit per target.
The purpose of this investigation was to establish the radiosensitive target size of the PR8 strain of influenza A virus in the dried state by use of low voltage roentgen rays. During the course of this work, it was found that the rate of inactivation of the hemagglutinin was affected by such variables as (a) the method of drying the virus, (b) the protective agent used in drying, and (c) the method of partial purification of the virus.
MATERIALS AND METHODS
Influenza virus. The PR8 strain of influenza A virus used in this study was obtained from the Naval Medical Research Unit No. 4, United States Naval Training Center, Great Lakes, Illinois. The virus had undergone an indeterminate number of passages in the allantoic sacs of embryonated eggs before the authors received it. It was passed seven times in our laboratory, and the identity of the virus was established by the hemagglutination-inhibition reaction. For stock virus, selected pools of infected allantoic fluid were stored in sealed glass ampoules at -54 C.
To obtain virus for concentration and partial purification, 0.1 ml of a 1.0 X 10-4 dilution of stock virus was injected into the allantoic sacs of 12 to 15 dozen 10-day-old embryonated eggs. The eggs were incubated at 35 C for 48 hr, and chilled overnight at 4 C. In the study of the target size of the hemagglutinin, it was essential to use a verv precise titration method. The pattern test of Salk (1944) has been most frequently employed to titrate virus hemagglutinins, but the experimental error (Horsfall and Tamm, 1953) is of the order of plus or minus 75 per cent. According to Hirst (1948) , the densitometric assay yields end points which are in error less than plus or minus 10 per cent when replicate titrations are made at the same time.
We have chosen to express the precision of our titration procedures as the 95 per cent confidence limits of the mean (Batson, 1956) . Eighteen replicate densitometric titrations were made on a single virus sample, and the confidence limits were determined to be 1:15.9 to 1:17.6. In our hands, the confidence limits of the pattern test were found to be 1:88 to 1:123 when the results of 14 replicate titrations were analyzed.
Procedures for drying the virus.
(1) Air-dried virus:-PR8 virus concentrates purified by 2 cycles of differential centrifugation were diluted with an equal volume of 1 per cent lactose solution. Two 0.1-ml aliquots of the mixture were carefully pipetted onto Mylar membranes (Du Pont brand of polyester film) which had been stretched tightly over a plastic cylinder 3 cm in diameter. The virus samples were dried with a fan at 38 C until there was no visible evidence of moisture, usually about 40 min, and then placed in a desiccator containing calcium chloride. For infectivity studies, the Mylar membranes were sterilized by ultraviolet irradiation.
(2) Lyophilization of the virus:-The appropriate virus suspension was mixed with an equal volume of one of several protective agents. Onehalf ml portions were delivered into glass cups, and the samples were frozen by placing the cups in pulverized dry ice. Usually 10 to 12 frozen samples were transferred to 500 ml side arm vacuum flasks previously pooled in a dry ice and acetone bath, attached to a Virtis lyophilization unit, and sublimated at a pressure of 2.5 mm Hg for 3 hr at room temperature. The flasks were removed from the lyophilization apparatus, and the samples were placed in a desiccator until they were irradiated.
Source of the radiation. The source of the X-rays was a low voltage X-ray machine (Hayes Scientific Appliances, Urbana, Illinois) which utilized a Machlett X-ray tube. This tube had a beryllium window, and the tungsten target was watercooled. We used no filters. Dosimetry. The radiation dosage was estimated in the following manner. A Picker X-ray machine using a Machlett OEG-60 tube was calibrated with a mesh chamber (Quimby and Focht, 1943) at Argonne National Laboratory, Lemont, Illinois. The tube was operated at 50 kv and 20 and 40 ma; corrections were made for air adsorption. One-half ml aliquots of 5 mN ferrous sulfate reagent (McDonnell and Hart, 1954) were placed in uncovered glass cups and irradiated with the calibrated tube. Following irradiation, 0.3 ml of the samples was removed and diluted with 3.0 ml of 0.8 N sulfuric acid. The change in optical density resulting from the oxidation of the ferrous ion was determined in the Beckman model DU INXACTIVATION OF VIRUS BY ROENTGEN RAYS spectrophotometer employing a wave length of 302 mu and a slit width of 0.5 cm.
A standard curve was obtained by plotting the change in optical density against the roentgen dose determined by mesh chamber measurements. 13y observing the change in optical density of ferrous sulfate samples exposed to the radiation emitted by our tube, the intensity or dose rate was estimated from the standard curve. The measurements made under these conditions refer to an integrated dose applied to an area 2.01 cm2 in a 3 mm layer of ferrous sulfate reagent. Samples were exposed periodically to monitor the output of the X-ray tube.
Irradiation of virus samples. The air-dried samples were exposed at a target distance of 4.8 cm. The X-ray machine was operated at 44 kv, 25 ma; the intensity under these conditions was 90,000 roentgens per minute (r/min).
For irradiation in the liquid state, 0.5 ml of the virus suspended in 0.1 M phosphate buffer, pH 7.0, was exposed in glass cups which had an internal diameter of 16 mm with a height of 12 mm.
The lyophilized virus preparations were also exposed in the glass cups, but the samples were covered with cellophane tape to prevent excessive moisture uptake.
The glass cups containing either an aqueous suspension or a lyophilized virus preparation were placed in a plastic holder. The holder was attached to a hollow plastic chamber which was mounted by a steel rod to a vibrator to permit mixing of the aqueous samples during irradiation. A cooling system maintained the samples at 23 C.
The distance from the tungsten target to the top of the sample was 5.2 cm. When the machine was operated at 48 kv and 40 ma, the dose rate was 118,000 r/min.
The question of penetration of the dried samples by the radiation was considered. Experimental measurements by interposition of dried samples over cups containing the ferrous sulfate reagent showed that only 10 per cent of the radiation was absorbed. Therefore, uniform exposure of the entire sample was insured. Backscatter or secondary radiation resulting from the incident X-rays striking the glass cups was estimated to represent 10 per cent of the incident (lose.
Calculation of radiosensitive target dimensions. Lea (1947) Rheins and Finlay (1954) . From four experiments, a survival curve was obtained whi(h is shown in figure 1. Since the curve was linlewar within the limits of error of the infectivity assay (Davenport, 1953) , the target theory was applied to estimate the dimensions of the sensitive target. The 37 per cent survival dose was 6.5 X 104 r;
anid the calculated target diameter Nas 42 mnu.
Inactivation of the hlenagglutinin. Since the conditions for determining the size of the area responsible for infectivity were relatively sim ple, a preliminarv experiment utilizing similar conditions was performed to measure the size of the hemagglutinin. The virus samples were drie(d in 0.5 per cent lactose, irradiated, and the hemagglutinin titers were determined by the (leisitometric method. A semilogarithmic plot of the results is shown in figure 2 . The curve show0-s a tendency to change rapidly with the higher radiation doses. Several explanations of this observation were considered:
(1) Impurities in the virus preparations acted as "shields," thus causing a cumulative reaction. The effect has been described by Pollard and Setlow (1954) when dried T-1 bacteriophage was irradiated in the presence of 0.8 per cent broth.
(2) The indirect effect was being observed because residual water remained in the virus samples.
(3) Aggregation of clumping of the virus particles had resulted from high speed centrifugation.
(4) (Francis and Salk, 1942) from chick embryo red blood cells plus two cycles of differential centrifugation; (4) alcohol precipitation (Cox et al., 1947) held constant to minimize variation in radiation sensitivity.
The data shown in table 1 indicate that the 37 per cent dose for the sixth cycle virus, the adsorbed and eluted virus, and the alcohol precipitated virus varied by 20 per cent, whereas the specific activity (titer per tg N per ml) varied 350 per cent. The 37 per cent dose for the second cycle virus was appreciably greater than the dose for the other three methods. It would appear that protective materials remained following two cycles of differential centrifugation but that any one of the other three methods was effective in removing protective materials to a point at which the inactivating doses were comparable. However, these experiments do not yield information as to whether all the protective materials were removed.
Since the second cycle virus and the alcohol precipitated virus showed the greatest difference in radiosensitivity in aqueous suspension, they were then irradiated in the dried state. Figure 3 shows the hemagglutinin X-ray survival curves for each preparation after lyophilization in 0.5 per cent lactose. The shape of the curves was similar to that of the air-dried virus, but the 37 per cent dose of 9.0 X 105 r for the lyophilized preparation was decidedly lower. There was no observable difference between the 37 per cent dose for the second cycle virus and the alcohol precipitated virus. It would seem, therefore, that the specific activity and the degree of purity were not factors which influenced the shape of the curve when the virus was lyophilized instead of air-dried. It appeared that the cumulative character of the curve might have been due to the nature of the suspending medium because water might still have remained in the lyophilized samples. Since Woese and Pollard (1954) reported a linear survival curve for the inactivation of the Newcastle disease virus dried in 0.2 per cent gelatin, it was decided to use protective media, such as gelatin and bovine plasma albumin, which were less hygroscopic than lactose.
Virus prepared by two cycles of differential centrifugation and by alcohol precipitation plus two cycles of differential centrifugation was mixed with an eqVal volume of a protective agent.
Bovine plasma albumin (0.2 per cent dissolved in distilled water) and gelatin (0.4 per cent dissolved and autoclaved in 0.1 M phosphate buffer, pH 7.0) were employed as protective agents to maintain viability during lyophilization. Figure 4 demonstrates that the X-ray inactivation curves were not linear on a semilogarithmic plot. The 37 per cent doses for the second cycle virus and alcohol precipitated virus lyophilized in 0.2 per cent gelatin were 4.3 X 105 and 7.3 X 105 r, respectively. When the second cycle and the alcohol precipitated viruses were lyophilized in Figure 4. Dose-survival curves for the hemagglutinin. The effect of the suspending and drying medium and the method of concentration and purification on the rate of inactivation in the lyophilized state. Second cycle virus dried in gelatin, *; second cycle virus dried in bovine plasma albumin, *; alcohol precipitated virus dried in bovine plasma albumin, 0; alcohol precipitated virus dried in gelatin, e. 0.1 per cent bovine plasma albumin, the 37 per cent doses were 9.2 X 101 and 11.5 X 105 r. The alcohol precipitated virus (specific activity = 15.64), when dried in gelatin or bovine plasma albumin, was apparently more resistant to the radiation than was the second cycle virus (specific activity = 9.13). It was concluded that the 37 per cent dose for the hemagglutinin of the intact elementary body was related to the nature of the protective medium, and the method of preparation of the virus.
It was still necessary to determine whether residual water contributed to the cumulative character of the curves. If this were the case, the rate of inactivation of the virus would be dependent upon its concentration (Lea, 1947 rate of inactivation of the virus in the dried state. Second cycle stock virus and a 1:10 dilution of this stock were lyophilized in gelatin, irradiated, and titrated by the method of Salk (1944) . This hemagglutinin assay was employed because it is more sensitive to low concentrations of virus. Table 2 shows the results of this experiment. The difference between the two concentrations was not statistically significant when a t test was applied to the data. The wide range of the values was considered to be due to the large inherent error of the Salk method. The inactivation of biological material by the direct effect of ionizing radiations is not only independent of the concentration of the agent being studied, but it is also independent of the intensity of the radiation or the rate at which a given dose is administered (Lea, 1947) . Therefore, studies on the dose rate were performed to determine whether the inactivation of the hemagglutinin in lyophilized gelatin was due to the direct effect. Second cycle virus was lyophilized in 0.2 per cent gelatin. The dried samples were divided into two groups and each given the same roentgen dose, but the intensity at which the dose was delivered differed by a factor of two. Following irradiation, the surviving fractions were determined by the densitometric titration method. The results shown in table 3 were analyzed by the t test, and the difference was not significant at the 5.0 per cent level.
Therefore, evidence was obtained to show that the inactivation of the virus, which had been dehydrated by lyophilization in gelatin, was independent of two concentrations and two roentgen dose rates. If residual moisture was present in the lyophilized preparations, the amount was too small to cause an indirect effect; therefore, it was concluded that the sigmoid nature of the curves shown in figure 4 resulted from some other factor.
The third hypothesis proposed to explain the cause of the sigmoid survival curves was that high speed sedimentation caused aggregation or clumping of the elementary bodies. To test the validity of this proposition, virus concentrated only by adsorption and elution from red blood cells was lyophilized in 0.2 per cent gelatin, and exposed in random order to increasing roentgen dosage. Figure 5 , which is an average of three experiments, shows the semilogarithmic plot of the surviving fraction against the dose in roentgens. The upper portion of the curve is linear; however, the last four points deviate from a straight line. In these experiments, the unirradiated controls resuspended at the end of the irradiation period were observed to be 12.0 per cent lower than those reconstituted at the beginning of the irradiation period.
It appeared that the sigmoid nature of the survival curves observed in the second cycle virus was probably due in part to packing or clumping of the elementary bodies as had been postulated. This conclusion seems to be valid since the plateau in the upper portion of the inactivation curves (figure 4) for the second cycle virus was However, none of the X-ray inactivation curves had been observed to be truly linear on a semilogarithmic plot. Therefore, the possibility remained that the hemagglutinin of each elementary body was composed of a packet of several smaller hemagglutinating entities. If the virus particle were disrupted and the individual hemagglutinins liberated and irradiated, the resulting curve should be linear, and the target size of the hemagglutinin could then be determined. Hoyle (1952) to note that the hemagglutinating activity of the nonirradiated controls remained constant throughout the entire irradiation period. We have not explored the possibility that multiple ionizations might be required to inactivate the hemagglutinin. However, Jagger and Pollard (1956) have presented evidence to indicate that at least three ion pairs must be produced in the target by the same deuteron or alphaparticle for the inactivation of the intact hemagglutinin of the MEL strain of influenza A virus.
DISCUSSION
When the inactivation of the infectivity was performed with virus air-dried in 0.5 per cent lactose, an exponential survival curve was obtained. A sensitive target 42 m,u in diameter was estimated as the size of the portion of the virus essential for infectivity. Assuming the validity of the target size calculation, the diameter represents a region about one-half as great as the diameter of the elementary body.
Our estimate of target size for the infectivity was in agreement with that obtained by other investigators. Buzzell et al. (1955) found a target size of 46 m,u when the PR8 strain of influenza A virus was irradiated in 8.0 per cent nutrient broth suspension. Jagger and Pollard (1956) observed the target diameter of electron inactivated influenza virus to be 41.6 m,u when lyophilized in 0.1 per cent gelatin. Morgan et al. (1954) have reported that electron micrographs of tissues infected with influenza virus showed round particles having a dark central body 40 to 60 m, in diameter.
When radiations of increasing ion density were employed, a systematic increase of radiosensitive diameter has been observed in vaceinia (Lea and Salaman, 1942) and influenza virus (Jagger and Pollard, 1956 ). According to the target theory in its simplest form, this observation eliminates a single spherical target as the infective portion of the virus. If X-ray data measure the actual diameter of a target, then the infective portion of the influenza virus is not a single sphere. Valentine and Isaacs (1957) observed that treatment of influenza virus with acid and trypsin revealed internal polygonal rings. These trypsin-resistant structures were identified as ribonucleoprotein. Watson (1950) showed that X-ray inactivated T-2 bacteriophage could contribute genetic characters in mixed infection with active virus. Thus it seems reasonable to assume that X-rays need not alter all the genetic units when the virus is rendered unable to reproduce itself. The sigmoid nature of the second cycle hemagglutinin survival curves has been attributed to a clumping of the virus; however, it appears that this aggregation did not distort the survival curves for the infectivity. This observation might be explained by the larger error (Davenport, 1953) of the infectivity assay, because any given EID50 can vary plus or minus 0.5 of a logarithm (base 10) on replicate titrations. Buzzell et al. (1955) , using virus concentrated by differential centrifugation, reported an exponential survival curve for the infective moiety of the influenza virus. However, their X-ray survival curves for the hemagglutinin were not linear. Our results confirm these findings.
In the aqueous state, the 37 per cent dose decreased as the specific activity of the hemagglutinin increased. However, the relation of the specific activity to the 37 per cent dose was apparently not the same in the dry state. A larger 37 per cent dose was observed for the virus prepared by alcohol precipitation plus two cycles of differential centrifugation than for the second cycle virus. It may be postulated that the alcohol removed some of the lipoid envelope of the elementary body and thereby exposed more hemagglutinin sites. The exposure of more hemagglutinin sites would result in an increase in the 37 per cent dose, and more hits would be necessary to produce a decrease in the hemagglutinating activity. Now, let it be assumed that the inactivation curve (figure 5) for the adsorbed and eluted virus was truly linear, and that the deviation of the last four points was due to some unknown factors. With this assumption, the experimental target size for the hemagglutinin was estimated to be 17 mA. This figure is in agreement with that obtained by Jagger and Pollard (1956) with the MEL strain of influenza virus. However, we found that the target size for the ether treated virus was 23 mu. If the ether treatment actually results in a disintegration of the virus into smaller units, then the target size should decrease rather than increase. This observation may indicate that the ether treatment increased the radiation sensitivity of the hemagglutinin. Frisch-Niggemeyer and Hoyle (1956) have reported that ether disintegration is associated with some loss of virus protein by denaturation. The rate of inactivation of the hemagglutinin was affected by such variables as (a) the method of drying the virus, (b) the protective agent used in drying, and (c) the method of partial purification of the virus. It appears that these observations would make true target size difficult to establish.
When the virus was concentrated by ultracentrifugation, the X-ray survival curves for the hemagglutinin were not exponential. The survival curve for the hemagglutinin concentrated by adsorption and elution was nearly linear. If the deviation from linearity were considered to be due to lability of the dried virus, the estimated target diameter was 17 m,u. The irradiation of the hemagglutinin of ether disintegrated virus resulted in an exponential survival curve, and the experimental target diameter was calculated to be 23 m,.
